The thermoacidophile crenarchaeote Sulfolobus ssp. is one of the best-studied Archaea. Cryptic and conjugative plasmids as well as viruses have been described for this genus. For the majority of the genetic elements only the genome sequence and the basic characteristics were determined. In contrast the fusellovirus SSV1 and the cryptic plasmid pRN1, which is the smallest known genetic element of the crenarchaeota, have been studied in more detail. The three gene products of the plasmid pRN1 have been characterized biochemically. The replication protein of the plasmid, a multifunctional enzyme, has a novel domain, termed prim/pol domain. This domain constitutes the first member of the DNA polymerase family E. Based on the biochemical characterization of the gene products a model of how pRN1 is replicated in vivo is proposed.
Introduction
The genus Sulfolobus belongs to the Crenarchaeota, one of the two major branches of the Archaea. Sulfolobus strains are thermoacidophiles with an optimal growth temperature of around 80
• C and an optimal pH of 3. Sulfolobus species are frequently found in terrestrial solfataric springs of volcanic origin [1] . They are aerobic and heterotrophic. Because of these growth characteristics the extremophile Sulfolobus can be readily cultured in the laboratory in liquid cultures and on plates. The ease of cultivation probably explains why their physiology has been studied in more detail than that of many other members of the Archaea. Several pioneering studies on archaeal metabolism, adaptation and regulation have been done with Sulfolobus acidocaldarius, S. solfataricus and S. shibatae, the most prominent members of the genus [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In vitro studies of transcription [13] , translation [14] replication [15, 16] and repair [17] in Sulfolobus have deepened our understanding of information processing in the Archaea. For biochemical studies the thermophilic character of Sulfolobus is advantageous: proteins from thermophiles are usually resistant to heat denaturation and to proteolysis, simplifying the purification of recombinant proteins produced in mesophilic hosts. Furthermore the genome sequences of three Sulfolobus species have been completed. Sulfolobus might therefore develop into an important model organism of the Crenarchaea and the Archaea. determined ( Table 1) . The most remarkable feature of these elements is the high number of proteins that are not related to proteins in the data banks and thus cannot be annotated.
The plasmid pRN1 has six open reading frames ( Figure 1 ). Initially only one open reading frame (orf56) could be annotated based on low sequence similarity to a eubacterial plasmid-encoded repressor protein. Later on several other crenarchaeal plasmids were sequenced, and it could be shown that pRN2, pHEN7, pDL10, pSSVx and pRN1 belong to the same plasmid family, which was termed pRN [18] . These plasmids share three conserved open reading frames, namely an orf56 gene, an orf904 gene and an orf80 gene. These genes probably constitute the essential core for replicating the pRN plasmids. The three remaining open reading frames (orf72, orf90a and orf90b) on pRN1 are quite short and lack sequence similarity to known proteins, suggesting that these open reading frames do not code for proteins.
The genes orf56 and orf80 code for DNA-binding proteins
The gene orf56 was cloned into an Escherichia coli expression vector and the recombinant protein (6.5 kDa) was purified to homogeneity. The dimeric protein proved to be a sequencespecific double-stranded DNA-binding protein which binds upstream of its own gene to an imperfect inverted repeat. It assembles into a tetramer at its operator and binds with high affinity and moderate specificity to this site. The binding of the protein could down-regulate the expression of its own gene and of orf904, the next downstream gene, suggesting a role in regulating the copy number of the plasmid [19] .
Homologues of the gene orf80 are only found within the Crenarchaeota either on plasmids of the plasmid family pRN or on the conjugative plasmids pNOB8 and pING. Recombinant ORF80 protein (9.5 kDa) expressed in E. coli Plasmid-virus hybrid pSSVx 5705 bp [33] was also found to be a sequence-specific double-stranded DNA-binding protein. ORF80 binds twice upstream of its own gene as revealed by DNase I footprinting. The binding sites have the palindromic core sequence TTAAN 7 AATT and are separated by about 60 bp. Upstream of the orf80 homologues binding sites with the same bipartite structures are also found, suggesting that the distance of the two binding sites is important for the architecture of the protein-DNA complex. In addition, EMSA experiments and fluorescence titrations suggest that a large, albeit specific protein-DNA
Figure 1 The plasmid pRN1
The plasmid pRN1 has six open reading frames indicated by arrows. The genes orf56, orf80 and orf904 (dark-grey arrows) are conserved within the plasmid family pRN and are believed to constitute the essential core for replicating pRN plasmids. The remaining three short open reading frames (light-grey arrows) have no sequence similarity to any known protein and therefore might not code for proteins.
complex is formed in a co-operative manner [20] . The physiological role for this complex has however not been established so far.
The gene orf904 codes for a multifunctional replication protein
The protein ORF904 is a 106 kDa protein and its gene occupies roughly half of the pRN1 genome. BLASTP analysis of the amino acid sequence reveals that the C-terminal half of ORF904 has sequence similarity to several proteins including the C-terminal domain of the bacteriophage P4 α protein that has been shown to have helicase activity [21] . Within the N-terminal half of ORF904 a stretch of about 180 amino acids has very weak sequence similarity to several uncharacterized bacteriophage proteins as detected by PSI-BLASTP analysis. The middle part of ORF904 does not have sequence similarity to any known protein ( Figure 2A ). This bioinformatic analysis of the amino acid sequence suggests that ORF904 has at least two domains, one of them being a helicase domain of superfamily III. In fact, the purified recombinant protein expressed in E. coli has a DNA-dependent ATPase activity. This ATPase activity is abolished when a conserved lysine of the Walker A motif within the helicase domain is mutated into glutamic acid [22] . Despite the strong ATPase activity of ORF904 we only found a very weak unwinding activity in helicase assays for as yet unknown reasons. The N-terminal half of ORF904 is highly conserved within the plasmid family pRN. We therefore speculated that this part of the protein carries out an essential function as well. It has been suggested that pRN1 replicates by a rolling-circle mechanism and that the protein ORF904 has endonuclease activity which is required for plasmid replication initiation [18, 23] . We were not able to demonstrate endonuclease activity of ORF904 and tested whether ORF904 has other activities related to plasmid replication. Indeed we could show that ORF904 has a DNA polymerase activity using a primer-extension assay. For primer extension the template has to be DNA and only dNTPs are incorporated. The DNA polymerase activity of ORF904 has a high apparent temperature optimum around 60-70
• C as can be expected for a thermophilic protein. We also tested whether the replication protein ORF904 has exonuclease activity. The protein has neither proofreading 5 → 3 exonuclease activity nor 3 → 5 exonuclease activity. Its strand displacement activity is also quite weak since an upstream primer hybridized on to singleprimed M13 DNA stops the primer extension. Although not highly processive, the replication protein is able to produce extension products of several kb length after prolonged incubation [22] .
Further analysis revealed that the replication protein has also primase activity. In the presence of ssM13 DNA and ribonucleotides the protein ORF904 forms a short alkalilabile primer. The ribonucleotide primer can be extended by the protein to form longer extension products when a further incubation in the presence of dNTPs is performed. The replication protein also incorporates dNTPs when synthesizing a primer. In fact dNTPs are the preferred precursors for primer synthesis since about 20-fold more label is incorporated with dNTPs compared to rNTPs. However, efficient primer synthesis requires the presence of a ribonucleotide. The mechanistic basis for the primase stimulation by ribonucleotides is not yet fully understood but it can be excluded that it is a simple allosteric activation since a ribonucleotide, which can be hydrolysed between the α-and β-phosphate, is required for stimulation.
The biochemical analysis of the replication protein ORF904 reveals that it is a multifunctional enzyme with (i) ATPase activity stimulated by double-stranded DNA, (ii) DNA polymerase activity and (iii) primase activity preferring dNTPs as precursors. Since the replication protein ORF904 has no sequence similarity to known DNA polymerases and primases, ORF904 constitutes a new DNA polymerase family, the family E [22] .
The active site for DNA polymerization
How do the enzymic activities correlate with the putative domain structure as derived by bioinformatic analysis? By deletion mutagenesis (G. Lipps, unpublished work) we could show that the N-terminal 255 amino acids are sufficient for DNA polymerase activity and that the ATPase activity is located within the C-terminal half of the protein. Within the N-terminal 255 amino acids the putative domain shared with the bacteriophage proteins is found (Figure 2A) .
DNA polymerases catalyse the reaction by a two-metalion mechanism [24] . The catalytic magnesium ions are positioned by acidic amino acids in these enzymes. If DNA polymerization by ORF904 is also catalysed by the same metal-ion mechanism the acidic amino acids of the active site should be conserved not only within the plasmidal ORF904 homologues but also in the weakly related uncharacterized bacteriophage proteins. An alignment of the respective proteins identified seven conserved acidic residues. We could show that D111 as well as E113 and D171 (G. Lipps, unpublished work) are critical residues for the DNA polymerization as well as the primase activity. A DXD motif is found in several DNA polymerases and primases and participates in the catalysis. In the structures of these enzymes the DXD motif is always found within a β-strand. Therefore the side chains of the acidic residues point in the same direction and could co-operate in co-ordinating metal ions. The protein ORF904 does not contain a DXD motif but the related DXE motif and the secondary structure prediction suggest that the motif is located at the end of a β-strand. Moreover the point mutation experiments underscore that DNA polymerase activity and primase activity use the same active site since the same point mutations inactivate both activities.
The domain was termed prim/pol domain as this domain carries out primase as well as DNA polymerase reactions. Alignment of the approx. 180 amino acid long domain (Figure 2B ) revealed that only three short amino acid stretches are conserved (motif A to C). Point mutants of conserved amino acids were prepared and DNA-binding assays were performed. Mutants within motif C were defective in DNAbinding activity suggesting that this motif is involved in binding the primer-template substrate (G. Lipps, unpublished work).
A model for replication of the plasmid pRN1
The activities detected for the three conserved proteins shared by the pRN plasmid family now allow us to propose a model of how this crenarchaeal plasmid is regulated and replicated in vivo. ORF56, a putative repressor protein, binds upstream of its own gene and could down-regulate expression of the genes orf56 and orf904, thereby regulating the plasmidal copy number. The replication protein ORF904 could melt the replication origin through its DNA-dependent ATPase activity. Next a DNA primer could be synthesized by ORF904. The replication of the plasmid DNA could be performed by ORF904 or more likely by the high fidelity and highly processive host replication system. The DNAbinding protein ORF80 remains a mystery. This protein is also found on two conjugative plasmids. It binds to two sites upstream of its own gene. The structure of the binding site has been remarkably well conserved among the crenarchaeal plasmids pointing to an important function of this protein.
However we could not assign a physiological function to this protein so far. The plasmid pRN1 is now the best studied crenarchaeal plasmid and further studies will deepen our understanding of the molecular biology of this plasmid and might also contribute to the development of a shuttle vector for Sulfolobus, an important model organism of the Archaea.
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